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ABSTRACT
We present results on NLO-QCD corrections to the process e+e− → hadrons via
photon-, Z- and graviton-exchange in the context of TeV-scale gravity models. The
quantitative impact of these QCD corrections for searches of extra dimensions at a
Linear Collider is briefly discussed.
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Models of extra dimensions have dominated the recent theoretical literature on
physics beyond the standard model. These models are attractive because one can
use the geometry of the compact extra spatial dimensions to stabilise the hierarchy
between the electroweak and the Planck scales. In the model of Arkani-Hamed,
Dimopoulos and Dvali (the ADD model) [1] a large magnitude of d extra dimen-
sions is responsible for lowering the Planck scale down to a TeV and the hierarchy
problem is thereby avoided.
In the ADDmodel, the Standard Model (SM) fields are constrained to a 3-brane,
while gravitons propagate in the 4 + d dimensions. Then the size of the extra di-
mensions is only constrained by the length scales to which the gravitational inverse
square law has been experimentally tested, which are currently probing the sub-
millimetre range. For d between 2 and 6, the size of the extra dimensions varies
from a millimetre to a fermi. The relation between the 4-dimensional Planck scale
MP and the scaleMS in (4 + d)-dimension is
MP ≈M (d+2)S Rd , (1)
where R is the compactification radius. In the ADD model, because R is large it is
possible to lower MS down to a TeV and avoid the hierarchy problem. An impor-
tant consequence of the lowering of the Planck scale is that quantum gravity effects
could be discernible at energies of O(TeV) and, consequently, a whole new class of
studies of the effects of gravitons at present and future colliders becomes possible.
The graviton propagating in the full 4+d dimensions, manifests in 4-dimensions
as a tower of massive Kaluza-Klein (KK) modes. These modes interact with the SM
particles confined to the 3-brane via the energy-momentum tensor. Each KK mode
couples to the SM particles with a coupling of the order of 1/MP . Even though the
coupling of each KK mode to the SM particles are highly suppressed. The effective
coupling is obtained after summing over all the KK modes and due to the high
multiplicity of the KK modes the effective interaction has a strength of 1/MS [2, 3].
This enhanced interaction strength provides viable signatures of the graviton KK
modes at colliders. Both real graviton production and the effects of virtual gravitons
in various processes have been studied in the literature [4] and have yielded bounds
onMS which are in the ball-park of a TeV.
Existing collider studies of the effects of gravitons have been done at the Born
level in QCD. It is important to compute next-to-leading order QCD (NLO-QCD) to
these processes in order to quantify the size of the QCD correction and to see how
robust the leading order estimate of the cross-section is with respect to the QCD
correction. Clearly this impacts the experimental studies of the graviton-mediated
processes (and graviton production processes) crucially. It is with this motivation
that the present paper presents the results of the computation of NLO-QCD correc-
tions to e+e− → hadrons via γ, Z and graviton exchange. These results are used to
study the impact of the QCD correction for this process at the proposed linear e+e−
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collider which is planned to operate at centre-of-mass energies between 500 GeV
and 1.2 TeV. The results we present here are for the ADD model, but since the QCD
corrections that we present here are model-independent they may equally be used
for studying the Randall-Sundrum model of warped compactification [5].
We work with the following action:
S = SSM − 1
2
κ
∫
d4x ΘQCDµν (x) h
µν(x) , (2)
where SSM is the Standard Model action, h
µν is the graviton field and κ is the
strength of the interaction.
The energy momentum tensor in QCD is given by
ΘQCDµν = −gµνLQCD − F aµρF aρν −
1
ξ
gµν∂
ρ(Aaρ∂
σAaσ)
+
1
ξ
(Aaν∂µ(∂
σAaσ) + A
a
µ∂ν(∂
σAaσ)) +
i
4
[
ψγµ(
−→
∂ ν − igT aAaν)ψ
−ψ(←−∂ ν + igT aAaν)γµψ + ψγν(
−→
∂ µ − igT aAaµ)ψ
−ψ(←−∂ µ + igT aAaµ)γνψ
]
+ ∂µω
a(∂νω
a − gfabcAcνωb)
+∂νω
a(∂µω
a − gfabcAcµωb) . (3)
In the above equation, ξ is the gauge fixing parameter. We work in the Feynman
gauge in which the gauge parameter ξ = 1. We have displayed explicitly the ghost
terms with the ghost fields ωa(x) since they contribute to our one-loop virtual cor-
rections to the process under study. The presence of the ghost fields introduces two
new vertices viz:
1) graviton-ghost-ghost vertex,
Γµν(p1, p2) = −iκ
2
δabCµν,ρσ p
ρ
1 p
σ
2 , (4)
2) graviton-ghost-ghost-gluon vertex,
Γµν,ρ(p1, p2) = −κ
2
gfabcCµν,ρσ p
σ
2 , (5)
where
Cµν,ρσ = gµρgνσ + gµσgνρ − gµνgρσ ,
2
the µ, ν index refers to the graviton field and p1, b and p2, a are the momenta and
colour index of the incoming and out going ghost field respectively. Other than the
rules for these vertices, our Feynman rules are the same as that given in Ref. [3] 1
We start by considering e+ e− scattering to hadronic final states,
l−(k1) + l
+(k2)→ X(PX) , (6)
where l−, l+ are the incoming leptons and X are the final-state hadrons and k1, k2
and PX are their respective momenta. The cross-section can be factorised into a
leptonic part Li(k1, k2) and a hadronic partWi(q), as follows:
σe
+ e−(k1, k2) =
1
2s
∑
i=γ,Z,G
∫ dnq
(2π)n
(2π)nδ(n)(q − k1 − k2)
Li(k1, k2) · Pi(q) · Pi(q) · Wi(q) , (7)
where n is the space-time dimension, q is the momentum of the intermediate pho-
ton, Z or graviton and
√
s is the center of mass energy,
s = (k1 + k2)
2 ,
= q2 = Q2 . (8)
The propagator PG(q) is given by
PG(q) = i Bµνρσ(q)D(q2) , (9)
where,
Bµνρσ(q) = ηµρηνσ + ηµσηνρ − 2
3
ηµνηρσ ,
with
ηµν = −gµν + qµqν
Q2
,
The function D(q2) results from the sum over the time-like propagators of the KK
modes:
D(q2) = 16π
(
Qd−2
κ2Md+2S
)
I
(
MS
Q
)
, (10)
1The only exceptions are the Feynman rules for the fermion-antifermion-gauge boson-graviton
vertex and the three gauge boson-graviton vertex which differ from those of Ref. [3] by an overall
sign.
3
the summation over the non-resonant KK modes yields
I(ω) = −
d/2−1∑
k=1
1
2k
ω2k − 1
2
log(ω2 − 1) d = even,
= −
(d−1)/2∑
k=1
1
2k − 1ω
2k−1 +
1
2
log
(
ω + 1
ω − 1
)
d = odd, (11)
where ω = MS/Q.
The leptonic tensor involves just the computation of square of the matrix ele-
ment for the process e+ + e− → γ∗/Z∗(q) and e+ + e− → G∗(q) and is given as
Li(k1, k2) = 1
4
∑
spin
|Me+ e−→i|2 i = γ, Z,G. (12)
The hadronic partWi(q) is computed using
Wi(q) =
∫ m∏
j=1
(
dnpj
(2π)n
(2π)δ+(p2j)
)
×(2π)nδn
(
q +
m∑
j=1
pj
)
|M i→
∑m
j=1
pj |2 i = γ, Z,G. (13)
G∗
q¯
q
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q
Figure 1: Graviton-quark-antiquark vertex at one loop.
In the following, we compute leading (LO) and next-to-leading order(NLO) con-
tributions to the hadronic part within perturbative QCD in powers of the strong-
coupling constant αs. Since we have gravity-mediated process, in addition to the
usual SM process, we have two classes of diagrams. The first class contains only
photon or Z in the intermediate state and the second class contains only gravitons.
The interference between SM and gravity channels is identically zero in the fully
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inclusive reaction. Notice that the interference term will always be proportional to
the product of a third-rank leptonic tensor and a third-rank hadronic tensor con-
tracted via the propagator tensors of either γ or Z with that of the graviton. For the
photon-graviton case, the inclusive hadronic tensor can be written only in terms of
gµν and qρ (the Levi-Cevita tensor will not appear in this). We know that there is no
third rank tensor, say Sµνρ which can be constructed out of gµν and qρ (q.q 6= 0) that
satisfies qµS
µνρ = 0 (as it should be for the theory where we have gravity coupled
to a conserved energy momentum tensor). In the case of Z-graviton interference,
the hadronic tensor can be proportional to a tensor, say, Sµνρ = ǫµνρσqσ which sat-
isfies qµS
µνρ = 0, but this when contracted with the Graviton propagator vanishes
identically. Hence, there is no graviton-SM interference contribution to inclusive
s-channel cross section (one can also argue out based on angular momentum con-
servation in field theories).
G∗
g
g
G∗
g
g
G∗
g
g
G∗
g
g
+ ghost loops
Figure 2: Graviton-gluon-gluon vertex at one loop.
The leading-order contribution to the hadronic part comes from
γ∗/Z∗ → q + q¯ , (14)
and at next to leading order level we have
γ∗/Z∗ → q + q¯ + one loop,
5
γ∗/Z∗ → q + q¯ + g . (15)
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q
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q
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Figure 3: G∗ → q + q¯ + g.
When the graviton is exchanged, we have two tree-level contributions
G∗ → q + q¯ ,
G∗ → g + g . (16)
At NLO, the following processes, as shown in Fig. (1 – 4), contribute
G∗ → q + q¯ + one loop,
G∗ → q + q¯ + g ,
G∗ → g + g + one loop,
G∗ → g + g + g . (17)
The next-to-leading order corrections involve the computation of one-loop vir-
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+ permutations
Figure 4: G∗ → g + g + g.
tual gluon corrections and real gluon bremsstrahlung contributions to leading-order
processes. Since we are dealing with the energy-momentum tensor coupled to grav-
ity expressed in terms of renormalised fields andmassless quarks, there is no overall
ultraviolet renormalisation required. In other words, the operator renormalisation
constant for the energy-momentum operator is identical to unity to all orders in
perturbation theory. But we encounter infrared divergences (soft and collinear) in
our computation. We have used dimensional regularisation to regulate these diver-
gences. To do this, we have defined n = 4+εwhere n is space-time dimension. With
this, all these divergences appear as 1/εα where α = 1, 2. Since the gravitons couple
directly to quarks and gluons, there are many one-loop diagrams which appear to
this order. But most of them do not contribute when quarks are taken to be mass-
less. The contributing diagrams are given in the Figs. (1,2). Since throughout our
calculation we have used the Feynman gauge, the gravitons also couple to ghost
fields which can appear in loops. The real gluon-emission diagrams are given in
the Figs. (3,4). In the Fig. (4), three identical gluons in the final state are permuted
with the appropriate statistical factor. The soft divergences coming from virtual
gluons and bremsstrahlung contributions cancel exactly as expected. Similarly, the
remaining collinear divergences disappear in the fully inclusive reaction.
The hadronic part can be expanded in powers of
as =
αs
4π
, (18)
as follows:
Wi =W(0)i + as W(1)i i = γ, Z,G. (19)
After adding all the diagrams and folding in the appropriate colour factors we ar-
rive at a simple-looking result forW(0)i andW(1)i for the non-SM part
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W(0)G,µνρσ =
Q4κ2
π
[
(N2 − 1)
(
1
320
)
+N nf
(
1
640
) ]
Bµνρσ(q) ,
W(1)G,µνρσ = as
Q4κ2
π
[
(N2 − 1)CA
(
− 1
144
)
+NnfCF
(
7
1152
) ]
Bµνρσ(q) . (20)
The colour factors appearing in the above equations are
CF =
N2 − 1
2N
, CA = N , (21)
for SU(N) gauge theory and nf is the number of flavours. The total cross section is
found to be
σSM =
∑
q
4π α2
3 s
N
{
Q2q −Qq
2s
c2ws
2
w
gVe g
V
q
(s−M2Z)
(s−M2Z)2 +M2ZΓ2Z
+
s2
c4ws
4
w
(gVe
2
+ gAe
2
)(gVq
2
+ gAq
2
)
1
(s−M2Z)2 +M2ZΓ2Z
}(
1 + as (3CF )
)
,
σG =
κ4
2560πs
Q8
[
D(q2)
]2 {
(N2 − 1)
(
1 + as
(
−20
9
)
CA
)
+
Nnf
2
(
1 + as
35
9
CF
)}
, (22)
where
cw = sin θW , sw = sin θW ,
gVa =
1
2
T 3a − s2wQa , gAa = −
1
2
T 3a ,
andQa is the electric charge of quarks and leptons. We now proceed to estimate the
magnitude of the QCD corrections presented above for the process e+e− → hadrons
at the Linear Collider. In Fig. (5), we have plotted the ratio, R as a function of the
linear collider centre-of-mass energy, where
R =
σLO+NLO
σLO
. (23)
The figure shows R as a function of
√
s for different values of the number of extra
dimensions, d. Also shown in the figure is the ratio R for the SM case. For our
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Figure 5: The ratio R of the LO+NLO cross-section to the LO cross-section as a function of the e+e−
centre-of-mass energy, for number of extra dimensions, d, between 2 and 6. The SM reference curve is also
shown.
estimates, we have used αs evaluated at the scale s and for the running of αs we
have used nf = 5 and Λ = 0.215GeV.While the corrections are typically of the order
of a couple of percent, they could still be significant because of the large statistics
for this process at the Linear Collider (even if one assumes a conservative 50 −
100 fb−1 luminosity). Because of the the gluon-graviton couplings, the corrections
coming from the graviton-exchange diagrams give a negative contribution to the
NLO corrections, which tends to drive R to values below 1 at large centre-of-mass
energies.
In conclusion, we have presented the first computation of NLO-QCD corrections
to graviton-mediated processes in the context of models of large extra dimensions.
The process that we have considered is e+e− → hadrons via γ, Z, and graviton ex-
change. We have discussed the impact of the QCD corrections for the study of the
ADD model using this process at a Linear Collider.
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